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SUMMARY  

 
Jet propulsion fuel-8 (JP-8) is the primary military fuel used by the Department of Defense 

(DoD), which consumes more than 5 billion gallons each year.  Jet propulsion fuel constitutes 

the largest chemical mixture exposure in the military, occupationally exposing an estimated 2 

million people annually.
1   

Limited evidence indicates some health consequences of human 

exposure to JP-8. To examine the impact of jet fuel exposures on erythrocytes, this study 

examined the impact of five jet fuel hydrocarbon components on red blood cells (RBCs).  We 

examined the biochemical and morphological changes to RBCs by measuring mean corpuscular 

volume (MCV), mean corpuscular hemoglobin (MCH), and red cell distribution width (RDW). 

Exposed cells were also imaged using scanning electron microscopy (SEM) to verify 

morphological changes and to identify types of erythrocyte deformability.  The induction of 

oxidative stress in chemically-exposed whole blood was examined using glutathione (GSH) 

depletion as a marker of reactive oxygen species. Finally, microscale thermophoresis (MST) was 

used to determine the binding interactions between human hemoglobin and the test set of 

hydrocarbon compounds.  The results indicated that whole blood exposed to toluene increased 

the MCV. For some chemicals, MCV (toluene, decane), RDW (toluene, octane, ethylbenzene), 

and MCH (ethylbenzene) values were sensitive to exposure incubation temperatures (room 

temperature versus 37 
o
C). SEM imaging indicated formation of ~1% crenated red blood cells in 

all lower dose exposure sets. In the case of toluene, these morphological changes were seen at 

dose levels identified in human studies for non-lethal exposures. GSH levels significantly 

decreased for all chemical exposures with the exception of high concentrations of tetradecane 

and toluene.  Finally, thermophoretic analysis revealed binding affinities between purified 

human hemoglobin monomer and the hydrocarbons decane, toluene, tetradecane, and octane, 

with toluene demonstrating the tightest binding to hemoglobin with a KD = 1.9 mM, with decane 

KD = 2.4, tetradecane KD = 8.8, and octane KD = 5.8. Ethylbenzene did not demonstrate any 

appreciable binding.  Collectively, the apparent increase in the surface area of the cell 

membrane, GSH depletion, and interaction between the hydrocarbon and hemoglobin molecule 

may contribute to potential toxicity in these chemicals via adverse effects on hemodynamics and 

circulatory function. 

 
Key Words: JP-8; jet fuel; oxidative stress; toluene; decane; octane; tetradecane; ethylbenzene; 

MCV; MCH; exposure; RBC; thermophoresis; hemoglobin; leukocyte, scanning electron 

microscopy 

 

 

Interim report August 2013 to June 2014 
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1. INTRODUCTION  

 

Jet propulsion fuel-8 (JP-8) is the primary military fuel used by the United States Air Force, 

Department of Defense (DoD) and North Atlantic Treaty Organization (NATO) allied 

countries.
1,32  

It is a kerosene-based fuel with a complex composition containing more than 200 

aliphatic and aromatic hydrocarbon compounds.  The DoD uses more than 5 billion gallons each 

year with jet propulsion fuels constituting the largest single chemical exposure in the military, 

occupationally exposing an estimated 2 million people annually.
1 

Occupational exposure to JP-8 

occurs primarily during aircraft refueling and defueling, transportation and storage of fuel, 

general maintenance of aircraft and military vehicles, and cleaning and degreasing of parts.
43 

Due to the widespread use of JP-8, there is a growing concern regarding the health consequences 

for fuel handlers, mechanics, and flight-line personnel who are regularly exposed.   Past 

exposure studies have indicated an increased incidence of fatigue, emotional dysfunction, dermal 

irritation, headaches, postural sway imbalances, decreased attention spans, elevated white blood 

cell counts, as well as adverse effects on liver function and the respiratory system.
1,4

 

 
One potential mechanism for JP8 toxicity involves increasing cellular oxidative stress. Increases 

in reactive oxygen species (ROS) create an oxidative environment which promotes apoptosis, in 

part, by depleting cellular antioxidants like glutathione (GSH) and inducing direct damage to 

DNA, proteins, and lipids.
5,6   

Alterations in GSH levels can promote oxidative stress, potentially 

leading to apoptotic cell death.
7,8  

JP-8 mixture exposures have been shown to alter immune 

function as well as trigger cellular apoptosis.
3,8    

Such toxicity is in agreement with other 

petroleum hydrocarbon toxicity studies, which have been shown to elicit  mechanisms dependent 

on oxidative stress, in addition to increasing lipid peroxidation and reducing enzymatic 

antioxidant defense mechanisms.
10,11   

One such study using benzene, a component of JP-8, 

indicated that bioactivation of the chemical led to the formation of ROS decreasing antioxidant 

activity and consequently increasing oxidative stress.
1,10

 

 
In addition to potential toxicity to exposed personnel, blood donations from an exposed 

individual may have transfusion efficacy, storage life, and tolerance altered by oxidative stress 

induced by hydrocarbon exposure.  Such changes in the RBC rheological properties may 

contribute to poor outcomes for transfusion recipients.
12,13   

Interestingly, in addition to ROS 

accumulation and concomitant oxidative stress, benzene exposures have demonstrated strong 

associations with altered hemoglobin and red cell indices. Hematological changes were 

examined by complete blood counts (CBCs) and the data reported a decrease in hemoglobin 

content and an increased mean corpuscular volume (MCV), a measure of RBC size.
1,14   

These 

data indicate that hydrocarbon exposures may indeed alter RBC morphology thus affect efficacy 

of oxygen transport. 

 
While hydrocarbon-induced oxidative stress may alter the RBC morphology, certain chemicals 

may also penetrate the RBC membrane and bind to the hemoglobin protein itself. Hemoglobin is 
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the major protein in red blood cells, constituting about 90% of the cellôs dry weight.
15 

Previous 

studies have demonstrated an interaction between several hydrocarbons and various proteins, as 

well as cellular membranes.
15   

It is possible that covalent bonding of hydrocarbon chemicals to 

hemoglobin could initiate the hematological effects observed in cellular toxicity. The current 

study aims to provide a perspective of the potential effects of jet fuel components on red blood 

cells and hemoglobin. 
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2. MATERIALS  AND METHODS  

 

2.1 Chemicals 

Tetradecane (MW: 198.39), Ethylbenzene (MW: 106.17), Octane (114.23), Toluene (MW: 

92.14), and Decane (MW: 142.29) were obtained from Sigma (St. Louis, MO).  Purity was >98% 

for octane, 99% for all other test hydrocarbons. 

 
2.2 Blood Samples 

The project was reviewed by the Air Force Research Laboratory IRB and determined exempt 

from human experimentation requirements as per 32 CFR32 219.101.  Fresh whole human blood 

was purchased from Bioreclamation (Hicksville, NY). Whole blood was collected in 

ethylenediaminetetraacetic acid (disodium EDTA) tubes for SEM studies or in sodium citrate for 

exposure studies. Matching serum from the same subject was collected for use in exposure 

studies. Expired packed red blood cell (PRBC) units were obtained from the 88
th 

Medical group 

for use in hemoglobin purification. 

 
2.3 Chemical Exposures 

Samples were prepared in decreasing concentrations by using serum as a carrier to dilute the test 

chemical to appropriate molarity prior to the addition to 260 µl of whole blood (Table 1). The 

addition of equal volumes (in this case, 40 µl) to the whole blood (WB) sample was necessary to 

insure that the RBC levels are equal throughout the dilution series. Controls were prepared by 

using 300 µl of whole blood only and 260 µl of whole blood mixed with 40 µl of serum. All  

samples were incubated for one hour at 22 
o
C (room temperature) or 37 

o
C prior to testing. Final 

Molarity of the hydrocarbon in the whole blood solution are indicated in Table 2. 

 
Table 1. Dilution series for whole blood exposures. 

 

 

Dilution  
Compound 

(C) 
volume 

Serum (S) 
volume 

(C+S)Volume 

added to Whole 

Blood 

Whole Blood (WB) 

Used 

1 40 ml 0 ml 40 ml 260 ml 

2 40 ml 40 ml 40 ml 260 ml 

3 12 µl 108 µl 40 ml 260 ml 

4 20 µl of Dil  3 180 µl 40 ml 260 ml 

5 20 µl of Dil  4 180 µl 40 ml 260 ml 

Control 

WB+S 
0 µl 0 µl 40 ml 260 ml 

Control WB 0 µl 0 µl 0 µl 300 ml 
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Table 2. Final Molarity in solution for whole blood exposures. 

 

 

Dilution  
Final Molarity  in blood solution (M) 

Toluene Octane Decane Tetradecane Ethylbenzene 

1 1.25 0.82 0.68 0.51 1.09 

2 0.63 0.41 0.34 0.26 0.54 

3 0.13 0.08 0.068 0.05 0.11 

4 0.013 0.008 0.0068 0.005 0.01 

5 0.0013 0.0008 0.0006 0.0005 0.001 

 

2.4 Clinical Blood Measurements 

Clinical analyses of exposed blood samples were conducted using an automated Coulter LH 780 

Hematology Analyzer (Beckman Coulter, Brea, California). Hematological data were analyzed 

using SigmaPlot (v.12.5) software (San Jose, California). Statistical differences between 

samples or sample/control (p<0.05) were assessed by one-way repeated measures analysis of 

variance (ANOVA). When normality was not justified, additional post-hoc analysis was 

performed using the Bonferroni or Kruskal-Wallis tests to determine pairwise comparisons. 

 
2.5 Scanning Electron Microscopy (SEM) 

2.5.1 Exposure of Whole Blood.   Chemicals were diluted into matching serum as shown in 

Table 3. A total of 80 ml of three dilutions (1, 5, and 6) were added to 520 ml PRBCs. The 

blood/chemicals were incubated at either 37 
o
C or at room temperature (22 

o
C) for 1 hr. After 

the incubation, the solution was spun down at ~1000 xg for 5 min, and the supernatant 

removed. The cell pellet was gently washed three times using 1 ml sterile phosphate-buffered 

saline (PBS). The final cell pellet was resuspended in 500 ml PBS in preparation for SEM 

imaging (Table 4). 

Table 3. Dilution series for whole blood exposures for SEM imaging. Dilutions 1 ñHighò, 6 ñlowò, 

and controls were used for imaging. 

 
 

Dilution  
Compound (C) 

volume 

Serum (S) 

volume 

(C+S) Volume 
added to Whole 

Blood (WB) 

 

WB  Used 

1 ñHighò 80 ml 80 ml 80 ml 520 ml 
3 12 ul 108 µl 0 µl  

4 10 µl of Dil  3 90 µl 0 µl  

5 10 µl of Dil  4 90 µl 80 ml 520 ml 

6 ñLowò 10 ml of Dil  5 190 ml 80 ul 520 ml 

Control  - 
Whole blood plus 
serum 

 

0 µl 
 

80 µl 80 ml 520 ml 

Control  - 
Whole blood 

0 µl 0 µl 0 µl 600 ml 
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Table 4. Samples analyzed using SEM imaging. 

 

Sample Dilution  

 1 5 Low UNDIL 
Toluene 37 

o
C X X X  

Toluene 22 
o
C X X   

Octane X X X  
Decane X X X  
Tetradecane X X X  
Ethylbenzene X X X  
WB+S Control    X 
WB  Control    X 

 

 

2.5.2 Fixing Red Blood Cells. The exposed cells were centrifuged 10 min at ~1000 xg. The 

supernatant was removed and the cell pellet fixed by adding 2% paraformaldehyde 

(PF)/2.5% gluteraldehyde solution v/v with an incubation of 2 hr at room temperature (RT). 

After incubation, the cells were centrifuged and the solution removed. The cells were then 

washed three times using an equivalent volume of PBS. The cell pellet was dehydrated by 

adding 300 ml of 50% ethanol (EtOH) with a10 min incubation at RT. The cell solution was 

then centrifuged, the supernatant removed, and 300ul of 70% EtOH was added to the pellet 

and incubated 10 min at RT. The cell pellet was again harvested and washed two additional 

times using 70% EtOH with 10 min RT incubations.  The cell pellet was washed one time 

using 300ul of 80% EtOH with a10 min incubation at RT, then again using 3000 µl 90% 

EtOH incubated 10 min RT. Three final washes using 300 µl 100% EtOH with 10 min RT 

incubations were conducted.  Finally, 300 µl of 100% EtOH was added to the cell pellet and 

left at 4 
o
C until SEM imaging was conducted. 

 
2.5.3 Preparation of SEM Stubs. After cell fixing, 400 µl of each cell solution was 

pipetted onto a clean aluminum SEM stub. The stub was dried at RT, and kept at RT until it 

was imaged. 

 
2.5.4 SEM Imaging. The cells were imaged using a JOEL JSM-6610LV.  The imaging 

settings (magnification and working distance) were optimized for each image. Sizes are 

indicated on each image. 

 

2.6 Glutathione (GSH) Assay 

The detection and quantification of glutathione (GSH) in red blood cells was performed by GSH- 

GloTM Glutathione Assay (Promega Corporation, Madison, Wisconsin). Blood samples were 

exposed to two different chemical concentrations, either 10 µl chemical + 90 µl whole blood or 1 

µl chemical + 99 µl whole blood. For controls, 100 µl whole blood was used.  All of the samples 

were incubated for one hour at 22 °C prior to testing.  The GSH assay procedure for whole blood 
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was conducted per manufacturer instructions.  Luminescent emission was read using a Synergy 

HT multi-mode spectrophotometer and appropriate filters (Bio-Tek, Winooski, Vermont).  The 

background GSH-dependent luminescence was subtracted from each determination.  Changes 

from the average net signal for total GSH concentration to the net signals for reactions with test 

compound reþect the eǟect of the compound on the GSH levels. For analysis of glutathione, data 
were presented as individual compounds or group mean ± SD. Statistical analyses were 

conducted by 2-tailed Studentôs t test. 

 
2.7 Hemoglobin Purification  

Human hemoglobin (Hb) was purified from PRBCs using a modification the hemoglobin 

purification method of Sun et al.
16

 

2.7.1 RBC Isolation from Whole Blood.   A whole blood acid-citrate-dextrose (ACD) 

unit was centrifuged (Beckman Coulter, Brea, California) at 3700 xg for 30 minutes at 4 °C. 

The plasma was removed from the bottle and discarded. The remaining red blood cell pellet 

was re-suspended in a 0.9% isotonic saline solution and centrifuged at 3700 xg for 30 

minutes at 4 °C.  The wash process was performed three times until the supernatant was 

clear.  After the final wash, the supernatant was removed and the red blood cell pellet 

resuspended with roughly three volume equivalents of cold 3.75 mM phosphate buffer (PB, 

pH = 7.2). The suspension was stored at -20 
o
C overnight.  The suspension was thawed on 

ice and centrifuged at 3700 xg at 4 °C for 30 min. The supernatant was filtered through 

cheesecloth and centrifuged two additional times at 3700 xg at 4 °C for 30 min.  The 

remaining solution was concentrated using a 4 mL 10 KD centrifugal filter (Millipore, 

Billerica, Massachusetts), and the retentate filtered through a 0.45 mm syringe filter (Corning, 

Corning, New York). 

 

2.7.2 Anion Exchange Chromatography. Hemoglobin protein was purified from the 

filtered solution by separation using a Mono Q 4.6/100 PE (GE Healthcare, Pittsburg, 

Pennsylvania) anion exchange column run on an ÄKTA Explorer FPLC system (GE 

Healthcare, Pittsburgh, PA). The protein sample was injected onto the column using a low 

salt binding buffer (20 mM Tris-HCl pH 8.2). Elution from the column was achieved by 

using a linear gradient from 100% low salt buffer to 75% high salt buffer (20 mM Tris-HCl 

pH 8.2, 0.2 M NaCl) in five column volumes, followed by a step gradient to 100% high salt 

buffer. 

 

2.7.3 Hemoglobin Characterization.  To prepare the protein for microscale 

thermophoresis analysis,  a HiPrep Buffer Exchange using a HiPrep 26/10 Desalting column 

from GE Healthcare was used to exchange buffers from the MonoQ elution buffer to 1X 

PBS. The various hemoglobin fractions were quantitated by using a Bradford assay. 

Approximately 7.8 mg of hemoglobin sample was concentrated into a total volume of 5 mL 

of Fischer PBS pH 7.5 buffer using an Amicon Centrifugal Filter Unit (Millipore, Billerica, 
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(Ὂ 

Massachusetts), with a final yield of 5 mL of a 1.5 mg/mL hemoglobin solution.  SDS- 

polyacrylamide and native gel electrophoresis experiments of the purified human hemoglobin 

were performed under standard conditions. Analysis of the purified hemoglobin sample 

using SDS and native polyacrylamide gel electrophoresis (PAGE) indicated that the protein 

was >98% pure, and in monomer form composed of alpha and beta units (data not shown). 

 
2.8 Microscale Thermophoresis (MST) 

Purified hemoglobin was labeled with DyLight -650 (Pierce Thermo Scientific, Waltham, 

Massachusetts) and tested using a Monolith NT.115 (NanoTemper Technologies, Munich, 

Germany) to monitor thermophoretic changes during binding.  The concentration of labeled 

protein was kept constant at 8.75 nM with 16 point 1:1 serial dilutions of organic compounds 

from 400 µM.  MST measurements were performed in triplicate in hydrophilic treated capillaries 

(NanoTemper Technologies) using 50% LED and 80% IR-laser power.  Laser on and off times 

were set at 30 sec and 5 sec, respectively. 

 
2.9 MST data analysis 

Normalized thermophoresis profiles were converted to bound fractions according to Equation 1 

and plotted as a function of compound concentration using Prism 5 (GraphPad Software, La 

Jolla, California). 

 

Equation 1.  (Ὂ   ὼ  Ὂ     )  
Ὢ  ό   =  

  ὼ  Ὂ Ὥ )  

Where Fmax = normalized thermophoresis for the unbound state, Fmin = normalized 

thermophoresis for the bound state, Fobs = normalized thermophoresis for a given binding 

reaction. 
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3. RESULTS 

 

 
3.1. Clinical Data from Exposed Whole Blood 

Clinical data from the exposures were tested for statistical significant differences using two 

different methods: One-way ANOVA using Wilcoxon/Kruskal-Wallis with temperature as a 

variable factor (Table 4) and two-way ANOVA with exposure and temperature as factors 

(Table 5). 

 
3.1.1 Mean Corpuscular Volume (MCV).  The mean corpuscular volume (MCV) is a 

measurement of the average volume of the red blood cells present in the sample, and is 

calculated by dividing the hematocrit value by the total of RBCs in the sample (Eq. 2). 

Equation 2. MCV  (fL)  = hematocrit (% as decimal)  X 10 

RBC count (millions/ ʈL) 
This value can be used to estimate the variations in erythrocyte deformability. In this study, 

the MCV calculations were conducted by aperture-impedance for determination of MCV. 

The normal range for human adult MCV values are 80-94 fL, and all control MCV data fell 

well within the normal MCV range.
17

 

 

Samples were tested for statistical significant differences within each temperature (22 
o
C and 

37 
o
C) dosage sets, as well as comparison between the sets 22 

o
C versus 37 

o
C. Using the 

one-way ANOVA method with temperature as the factor, only toluene and octane indicated 

significant differences in the MCV data sets, and in both cases when compared between the 

two temperatures. Toluene-exposed cell sets incubated at sets 22 
o
C versus 37 

o
C 

demonstrated significant differences from control with a p = 0.069 (Table 5, Fig 1A). Octane 

behaved similarly to toluene, with single temperature analysis demonstrating no differences, 

whereas 22 
o
C vs 37 

o
C comparisons were different with a p = 0.0010 (Table 5, Fig 1A). 

Most of the median MCV values from dosed cells incubated at 22 
o
C or 37 

o
C during the one 

hr exposure did not differ enough to exclude random sampling variability (Table 5, Fig 1A). 

 
Two-way ANOVA analysis with exposure time and temperature as factors and the MCV data 

as responses demonstrated that only tetradecane did not demonstrate a significant difference, 

with p values well above 0.05 (Table 6). MCV values with Toluene and decane exposures 

demonstrated a strong interaction with exposure levels and temperatures, with p<0.0001. The 

p value could not be calculated for ethylbenzene due to test error, as noted. 
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Figure 1. Mean corpuscular hemoglobin (MCV) for whole blood exposures. A) Toluene; B) 

Octane; C) Decane; D) Tetradecane; E) Ethylbenzene. See Tables 5 and 6 for discussions on 

significant changes. 
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3.1.2 Mean Corpuscular Hemoglobin (MCH).   The mean corpuscular hemoglobin 

(MCH) value is an average of the hemoglobin mass per RBC, and is calculated by dividing 

the hemoglobin mass by the number of RBCs in the sample. Hemoglobin mass is determined 

by spectrophotometric absorption, while cell count are determined by centrifugation and 

pellet analyses against standards. The normal MCH range in humans is 27-31 pg/cell.
18 

Exposed samples were tested for statistical significant differences in 22 
o
C and 37 

o
C dosage 

sets, as well as comparison between the sets 22 
o
C versus 37 

o
C. 

 
Samples were tested for statistical significant differences using a one-way ANOVA and the 

22 
o
C and 37 

o
C dosage sets, as well as comparison between the sets 22 

o
C versus 37 

o
C. 

None of the chemical exposures indicated significant differences in the MCH data sets 

(Table 5, Fig 2E). This was expected as the hemoglobin levels should remain steady in both 

temperature data sets. 

 
Interestingly two-way ANOVA analysis with exposure and temperature as factors and the 

MCH data as responses demonstrated that several chemicals indicated significant changes 

(Table 6). Significant values were not seen with toluene, octane, and tetradecane. However, 

Decane demonstrated significance with exposure levels (p = 0.0180) and strongly significant 

differences with interaction between the two factors (p = 0.0016). Therefore for MCH values 

with decane exposures, temperature alone does not seem to alter MCH values as much as 

chemical concentration, although temperature can also modulate the MCH response to 

chemical exposures. As the viscosity of decane does not vary widely between room 

temperature and 37 
o
C (295 to 310 K), it is likely these changes are not due to alterations in 

viscosity. 
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Figure 2. Mean corpuscular hemoglobin (MCH) for whole blood exposures. A) Toluene; B) Octane; 

C) Decane; D) Tetradecane; E) Ethylbenzene. See Tables 5 and 6 for discussions on 

significant changes. 

 

 

 
3.1.3 ed Cell Distribution Width (RDW). Red cell distribution width (RDW) is a 

measurement of the variation, also called anisocytosis, in RBC cell size. While RDW is used 
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for determination of anemias, this measurement is also useful for determining changes in 

RBC morphology. RDW measurements are calculated using impedance and flow cytometry 

data (Eq. 3). The normal ranges are 11% to 14.5% RDW.
18

 

 

 

Equation 3. RDW =  one SD of RBC volume  x 100% 

Mean cell volume 

Sample RDW data were analyzed using a one-way ANOVA with temperature as a factor 

using doses within each temperature (22 
o
C and 37 

o
C) sets, as well as comparison between 

the sets 22 
o
C versus 37 

o
C. Toluene and ethylbenzene did not indicate any temperature- 

sensitive alterations in RDW values (Table 5; Figs 3A, 3E). Octane, decane, and tetradecane 

demonstrated no statistically significant differences within the temperature groups, but strong 

differences between the temperature sets (Table 5; Figs3B, 3C, 3D) 

 
Two-way ANOVA analysis with exposure and temperature as factors and the RDW data as 

responses demonstrated that several chemicals caused significant changes (Table 6) 

including toluene, octane, and decane. All three chemical exposure data indicated that 

temperature, chemical concentration, as well as interaction between temperature/exposure, 

were significantly altered RDW levels when compared to controls. Decane exposure data 

indicated that temperature/exposure were dependent, while significant (p = 0.03) was less 

than that seen with toluene and octane (with p = 0.002 and 0.0001, respectively). The effects 

of tetradecane on RDW values, using the two-way ANOVA, indicated that temperature 

strongly altered RDW values (p <0.0001) while chemical dose did not (p = 0.35 nor did there 

seem to be any additive effect with temperature/chemical dose (p =0.92). Ethylbenzene 

exposure data indicated that chemical dose (p <0.0001) strongly altered RDW values, which 

were not altered by temperature (p = 0.11) or interaction between the two factors (p = 0.26). 



14 
Distribution A. Approved for public release; distribution unlimited. (PA Case No 88ABW-2015-3106, 18 June 2015) 

 

 

 
 

 
 

 
 

Figure 3. Red Cell Distribution Width (RDW) for whole blood exposures to: A) Toluene; B) Octane; 

C) Decane; D) Tetradecane; E) Ethylbenzene. See Tables 5 and 6 for discussions on 

significant changes. Error bars represent one standard deviation. 

 

 
Table 5.  One-way ANOVA statistical analyses of clinical data from test exposures. Data analyses 

were conducted using a one-way Wilcoxon ANOVA with temperature as the factor and 

MCV/MCH/RDW as responses. Significance < 0.05 at presented in blue. 

 
 

 
 

E 

 
 

 
 

 
 

 
 

C D 

 
 

 
 

 
 

 
 

A B 



15 
Distribution A. Approved for public release; distribution unlimited. (PA Case No 88ABW-2015-3106, 18 June 2015) 

 

 

Chemical 

Exposure 
Clinical  

Data 
Exposure Set 

Analyzed 
p-value Comment 

 

 

 
Toluene 

 
M CV 

22 
o
C 0.115 *comparison data indicate significant 

differences between incubation temperatures 
in higher dose groups. 

37 
o
C 0.1614 

22 
o
C + 37 

o
C 0.069* 

 
M CH 

22 
o
C 0.3373 Differences in the median values not great 

enough to exclude random sampling 
variability. 

37 
o
C 0.125 

22 
o
C + 37 

o
C 0.4597 

 
RDW 

22 
o
C 0.148 

No statistically significant differences 
between groups. 

37 
o
C 0.0855 

22 
o
C + 37 

o
C 0.1093 

 

 

 
Octane 

 
M CV 

22 
o
C 0.232 *

Analyses indicate differences in values 

dependent upon exposure incubation 

temperature. 
37 

o
C 0.227 

22 
o
C + 37 

o
C 0.0081

* 
 

M CH 
22 

o
C 0.150 

No statistically significant differences 

between groups. 
37 

o
C 0.255 

22 
o
C + 37 

o
C 0.2810 

 
RDW 

22 
o
C 0.111 #

Analyses indicate differences in values 

dependent upon exposure incubation 

temperature. 
37 

o
C 0.102 

22 
o
C + 37 

o
C 0.0010

# 
 

 

 
Decane 

 
M CV 

22 
o
C 0.333 

No statistically significant differences 
between groups. 37 

o
C 0.134 

22 
o
C + 37 

o
C 0.2290 

 
M CH 

22 
o
C 0.098 

No statistically significant differences 

between groups. 
37 

o
C 0.156 

22 
o
C + 37 

o
C 0.901 

 
RDW 

22 
o
C 0.356 *comparison data indicate significant 

differences between incubation temperatures 

in higher dose groups. 
37 

o
C 0.134 

22 
o
C + 37 

o
C 0.0003* 

 

 

 
Tetradecane 

 
M CV 

22 
o
C 0.256 

No statistically significant differences 

between groups. 37 
o
C 0.574 

22 
o
C + 37 

o
C 0.722 

 
M CH 

22 
o
C 0.724 

No statistically significant differences 

between groups. 
37 

o
C 0.151 

22 
o
C + 37 

o
C 0.346 

 
RDW 

22 
o
C 0.787 *comparison data indicate significant 

differences between incubation temperatures 
in higher dose groups 

37 
o
C 0.142 

22 
o
C + 37 

o
C 0.0001* 

 

 

 
Ethylbenzene 

 

MCV
# 

22 
o
C 0.333 

No statistically significant differences 
between groups. 37 

o
C 0.086 

22 
o
C + 37 

o
C 0.051 

 
M CH 

22 
o
C 0.165 

No statistically significant differences 

between groups. 
37 

o
C 0.082 

22 
o
C + 37 

o
C 0.0962 

 
RDW 

22 
o
C 0.088 

No statistically significant differences 

between groups. 
37 

o
C 0.127 

22 
o
C + 37 

o
C 0.096 

#Values for 1.0888 at 22 
o
C were not used for calculations on MCV for Ethylbenzene 

Table 6. Two-way ANOVA statistical analyses of clinical data from test exposures. Data analyses 

were conducted using a two-way ANOVA with exposure and temperature as factors and 

MCV/MCH/RDW as responses. Significance < 0.05 at presented in blue. 
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Chemical Exposure Clinical  Data Factor p-value 

 

 

 
Toluene 

 
M CV 

Temperature (22 
o
C vs 37 

o
C) < 0.0001 

Exposure 0.0036 
Interaction  < 0.0001 

 
M CH 

Temperature (22 
o
C vs 37 

o
C) 0.9221 

Exposure 0.1832 
Interaction 0.4380 

 
RDW 

Temperature (22 
o
C vs 37 

o
C) 0.0055 

Exposure < 0.0001 
Interaction  0.0020 

 

 

 
Octane 

 
M CV 

Temperature (22 
o
C vs 37 

o
C) 0.0043 

Exposure 0.0476 
Interaction  0.0452 

 
M CH 

Temperature (22 
o
C vs 37 

o
C) 0.2057 

Exposure 0.5458 
Interaction 0.4720 

 
RDW 

Temperature (22 
o
C vs 37 

o
C) <0.0001 

Exposure <0.0001 
Interaction  0.0001 

 

 

 
Decane 

 
M CV 

Temperature (22 
o
C vs 37 

o
C) 0.0002 

Exposure 0.0005 
Interaction  <0.0001 

 
M CH 

Temperature (22 
o
C vs 37 

o
C) 0.6214 

Exposure 0.0180 
Interaction  0.0016 

 
RDW 

Temperature (22 
o
C vs 37 

o
C) 0.0005 

Exposure 0.0055 
Interaction  0.0302 

 

 

 
Tetradecane 

 
M CV 

Temperature (22 
o
C vs 37 

o
C) 0.9838 

Exposure 0.1903 
Interaction 0.5538 

 
M CH 

Temperature (22 
o
C vs 37 

o
C) 0.2115 

Exposure 0.6642 
Interaction 0.5916 

 
RDW 

Temperature (22 
o
C vs 37 

o
C) <0.0001 

Exposure 0.3461 
Interaction 0.9209 

 

 

 
Ethylbenzene 

 
M CV 

Temperature (22 
o
C vs 37 

o
C)*  0.0602 

Exposure* 0.0005 
Interaction*  *  

 
M CH 

Temperature (22 
o
C vs 37 

o
C) 0.0558 

Exposure 0.0002 
Interaction  0.0002 

 
RDW 

Temperature (22 
o
C vs 37 

o
C) 0.1055 

Exposure <0.0001 
Interaction 0.0264 

*Values for 1.0888 at 22 
o 
C were not used in MCV for Ethylbenzene. Therefore values for 1.0888 M at 37

o 
C 

were necessarily left off. Additionally sufficient degrees of freedom did not exist to consider the interaction. 

3.2 Scanning Electron Microscopy (SEM) of Exposed Whole Blood 



17 
Distribution A. Approved for public release; distribution unlimited. (PA Case No 88ABW-2015-3106, 18 June 2015) 

 

A small sample from the whole blood obtained from Bioreclamation was subjected to standard 

clinical analyses to determine clinical indices prior to exposures and imagining. Data indicated 

that the blood was well within normal parameters (Fig. 4, Fig 5).
19

 

 

 

  

 

 

 

Figure 4. Clinical indices of whole blood sample used for SEM experiments. 

Test Value 

White Blood count 

(WBC) 
8.6  x10

3
/ml 

Neutrophils % 73.1 % 

Lymphocyte  % 22.4 % 

Monocyte  % 3.5 % 

Eosinophils % 0.7 % 

Basophil % 0.3 % 

Nucleated RBC % 0.0 % 

RBC 5.50 x10
6
/ml 

Hemoglobin 16.1  g/dL 

Hematocrit 48.6 % 

MCV 88.4 fL 

MCH 29.2 pg 

MCHC 33.1 g/dL 

RDW 13.4 % 

Platelet 172 x10
3
/ml 

Mean Platelet 

Volume 
9.7 fL 
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Figure 5. Blood smear of sample used for exposure studies. The majority of cells are RBCs (red 

arrow), with platelets indicated (black arrow). 

 

Control and exposed red blood cells were examined by SEM imaging for the presence of 

crenation. Toxin damage can be indicated by the presence of crenated RBCs in the blood, with 

chemically-exposed RBCs exhibiting increases in the number and severity of speculated cells. 

As the chemical levels increase in the blood, RBC morphology alters from the normal shaped 

erythrocytes to the spiky ovoid echinocytes (Fig. 6). 

 

 
 

 

Figure 6. Changes in red blood cell morphology. Arrow indicates level of increasing chemical 

intercalation into the lipid bilayer. Confocal images adapted from Khairy et al. 2008.
20
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It has been suggested that the morphological changes induced by chemical exposures are a result 

of chemical insertion into the outer monolayer of the membrane bilayer. Differential membrane 

expansion is visually indicated by the increased formation of spicules.
21,22    

Echinocytes can also 

result from poor technique during drying of the cells on the stub. The control samples show 

limited to no formation of echinocytes, an indication that the crenated cell formation is due to the 

chemical exposures and not the SEM cell preparation. 

 

3.2.1 Toluene-Exposed Red Blood Cells. Blood samples were exposed to 0.625 M (high 

dose), 1.25 mM, and 0.626 mM toluene at 37 
o
C and 22 

o
C. As was found for nearly all 

chemicals tested, SEM preparation of the high dose samples resulted in formation of a jell- 

like mass. SEM analysis of high dose samples indicated significant cell denaturation as well 

as agglomeration (Fig. 7C). 

SEM at lower toluene concentrations (1.25 mM, and 0.626 mM) indicated the existence of 

RBC morphology changes at ~1% of the red blood cell mass (Fig. 7A-7F). The approximate 

quantitation of crenated cells did not demonstrate significant differences between incubation 

at 22 
o
C versus 37 

o
C. However, a more rigorous SEM interrogation of exposed cells may 

identify temperature sensitive changes in echinocyte formation. Of the echinocytes found, 

most are type III as indicated by spicule spacing (Fig. 7D, 7E). In addition to echinocytes, 

stomatocytes and knizocytes were seen at the lower toluene concentrations (Fig. 7E, 7F). 

One subtle difference between the 22 and 37 
o
C incubation cell sets was the formation of 

granulated RBC cells at 22 
o
C (Fig. 7E, blue arrow ). The granulated cells were identified at 

larger numbers than those seen at the same toluene exposure incubated at 37 
o
C (Fig 7F, 

other image data not shown). This membrane disruption may be indicative of moderate 

chemical exposures (see Fig. 6) or may be óghostsô. RBC ghosts are hemolyzed cells which 

no longer contain hemoglobin and are mostly empty structures held in place by a spectrin 

cytoskeleton. 
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Figure 7. SEM images of Control and toluene-exposed RBCs. A) Control ï whole blood plus 

serum carrier; B) Whole blood; C) 0.625 M toluene at 37 
o
C; D)  0.626 mM toluene at 37 

o
C; E) 

1.25 mM toluene at 22 
o
C; F) 1.25 mM toluene at 37 

o
C. 

Red = Echinocyte; Green = possible Knizocyte; Yellow = Stomatocyte; Blue = unknown 

membrane disruption. 
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3.2.2 Octane-Exposed Red Blood Cells. Blood samples were exposed to 0.4103 M (high 

dose) and 0.821 mM octane and incubated at 37 
o
C for one hr. As was found for nearly all 

chemicals tested, SEM preparation of the high dose samples resulted in formation of a jell- 

like mass (data not shown). Examination of the 0.821 mM octane-exposed whole blood 

revealed crenated cell morphologies at < 1% RBC cell mass. Crenated RBC cell shapes 

included echinocytes, stomatocytes, and well defined knizocytes (Fig. 8B). 
 

 

 

 

 
 

 

 
Figure 8. SEM images of Control and octane-exposed RBCs.  A) Control ï whole blood plus 

serum carrier; B) 0.821 mM octane at 37 
o
C. 

Red = Type III Echinocyte; Blue = Type II  Echinocyte; Green = Knizocyte. 

 
 

 
 


